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Previous reports demonstrated that long-term expos-
ure to extremes in humidity in¯uence permeability
barrier homeostasis. Here the effects of a sudden
shift from a high humidity to a dry environment
were studied. Mice were initially maintained in either
a humid (> 80% relative humidity) or normal envir-
onment (relative humidity = 40±70%), and then
transferred to a dry environment (< 10% relative
humidity). Within 2 d of transfer from a humid to a
dry environment a 6±7-fold increase in transepider-
mal water loss occurred that returned to normal
within 7 d. No increase in transepidermal water loss
occurred in response to a switch from a normal to a
dry environment. At a time when barrier function
was abnormal, both stratum corneum hydration and
pH were normal, indicating that the mechanisms
that regulate these functions differ. Following trans-
fer from a humid to dry environment, electron
microscopy revealed a marked decrease in: (i) lamel-
lar bodies in the outermost stratum granulosum; (ii)
deposition of lamellar body contents at the stratum
granulosum±stratum corneum interface; and (iii) the
quantity of intercellular lamellae in the stratum cor-
neum, which together could account for the barrier
abnormality. Transfer of mice from a normal to a
dry environment rapidly stimulated epidermal prolif-
eration, whereas animals switched from a humid to a
dry environment displayed a delayed increase in pro-
liferation that might also contribute to the barrier
abnormality. The present study demonstrates that
sudden changes from a high to a low humidity
environment results in abnormal barrier function,
which could adversely in¯uence the incidence and/
or severity of skin disorders. Key words: barrier
function/bioengineering/dry skin/epidermis/moisturization/
stratum corneum. J Invest Dermatol 119:900±904, 2002
C
hanges in humidity that occur during different
seasons or with sudden changes in latitude can affect
the condition of normal skin and are associated with
exacerbations of cutaneous disorders, such as atopic
dermatitis, in susceptible populations (Rycroft and
Smith, 1980; Wilkinson and Rycroft, 1992). Many common
dermatoses, such as atopic dermatitis and psoriasis, worsen during
the winter season when environmental humidity is low (Wilkinson
and Rycroft, 1992; Sauer and Hall, 1996). These dermatoses share
the common characteristic of impaired cutaneous permeability
barrier function, which could then either initiate or sustain these
cutaneous disorders (Grice, 1980; Pinnagoda et al, 1989; Proksch
et al, 1991; Elias et al, 1999).
In previous studies, it was demonstrated that prolonged exposure
(1±2 wk) of hairless mice to a dry environment produces a
reduction in basal transepidermal water loss (TEWL), as well as
accelerated barrier recovery after acute insults, indicative of
improved barrier function (Denda et al, 1998a). Conversely,
prolonged exposure to a high humidity environment results in a
concurrent increase in basal TEWL and delayed recovery kinetics
(Denda et al, 1998a). These differences in barrier homeostasis
correlate with divergent changes in epidermal lipid content and
lamellar body secretion. Moreover, 48 h exposure of normal skin
to a dry environment induces epidermal hyperplasia and mast cell
degranulation, whereas no obvious changes are observed in the
animals exposed to humid conditions for the same period of time
(Denda et al, 1998b). Thus, normal skin compensates for a reduced
humidity with increased lipid synthesis and lamellar body gener-
ation, but it still demonstrates subclinical pathologic changes (Hosoi
et al, 2000; Denda, 2001). These results suggest that epidermal
structure and metabolism are regulated by changes in environmen-
tal humidity, and that changes in humidity alone can stimulate
structural, functional, and biochemical alterations that can either
facilitate the organism's adaptation to its environment or lead to
subclinical pathology. In contrast, subjects with defects in their
epidermal repair response, such as patients with atopic dermatitis,
may not be able to adjust to changes in environmental
humidity.
We asked here whether abrupt changes in extremes of environ-
mental humidity could impose a still further burden on normal
skin, which would create conditions even more likely to induce
pathology in normal and/or at-risk subjects. Whereas previous
studies showed an improvement in barrier function following a
shift from a relatively normal to a dry environment, we found here,
paradoxically, that an abrupt shift from an extremely humid to a dry
environment causes deterioration in barrier homeostasis, even in
normal skin.
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MATERIALS AND METHODS
Animals Male hairless mice, 7±10 wk old (HR-1, Hoshino, Japan)
were used in these studies. Animals were caged separately for at least 4 d
prior to the experiments. The cages (136 3 208 3 115 mm) were
maintained in a room kept at a temperature of 22±25°C and a relative
humidity (RH) of 40±70%. For about 95% of the day the humidity was
between 50 and 60%, but occasionally it went above 60% or below 50%
when we opened the door of our animal facility. All experiments were
approved by the Animal Research Committee of the Shiseido Research
Center in accordance with National Research Council (NRC)
Guidelines (National Research Council, 1996).
Low humidity and high humidity conditions We used the same
system for maintaining animals in a dry or humid environment as
reported previously (Denda et al, 1998a). Brie¯y, animals were kept
separately in 7.8 l cages (220 3 310 3 115 mm) in which the RH was
maintained at either 10% with dry air or 80% with humid air. In
Yokohama, Japan, RH often reaches below 20% during the winter
season and previously reached 9% on April 25, 1997 (Japan Weather
Association, Tokyo, Japan). Temperatures were the same in all cages
(22±25°C), and fresh air was circulated 100 times per h. Animals were
kept out of the direct stream of air, and the level of NH3 was always
below 1 p.p.m.
Experimental protocols We studied two groups of mice (six animals
for each group). One group was kept ®rst in a normal environment (RH
40±70%) for 2 wk and then was transferred to a dry environment (RH
< 10%). A second group of mice was kept ®rst in a humid environment
(RH > 80%) for 2 wk and then transferred to a dry environment (RH
< 10%). TEWL rates were measured with an electrolytic water analyzer
(MEECO, Warrington, PA), as described previously (Denda et al,
1998a). Stratum corneum (SC) hydration was measured as skin surface
conductance with a Skicon-200, high-frequency hygrometer (Tagami,
1994) (IBS, Hamamatsu, Japan). Skin surface pH was measured with a
surface pH meter probe, attached to a type D-11 pH meter (Horiba,
Kyoto, Japan). For each measurement, animals were anesthetized and
their body temperature was kept at normal by using an electric heater.
Ultrastructural methods Mice were killed under anesthesia 2 d after
transferring from one environmental condition to another (two animals
from each group) and skin samples were taken from the ¯ank skin. Then
the samples were processed for light and electron microscopy. Samples
were minced to < 0.5 mm2, ®xed in modi®ed Karnovsky's ®xative
overnight, and post®xed in either ruthenium tetroxide or 2% aqueous
osmium tetroxide, both containing 1.5% potassium ferrocyanide, as
previously described (Hou et al, 1991). After ®xation, all samples were
dehydrated in graded ethanol solutions, and embedded in an Epon±
epoxy mixture. Ultrathin sections were examined, with or without
further contrasting with lead citrate, in an electron microscope (Zeiss
10A; Carl Zeiss, Thornwood, NY) operated at 60 kV.
Detection of proliferating and apoptotic cells in the epidermis To
identify proliferating cells, hairless mice were injected intraperitoneally
with a 5 mg solution per ml (100 mg per g body weight) of 5-bromo-2-
deoxyuridine (BrdU; Sigma, St. Louis, MO, USA) (Vaughan and
Bernstein, 1976; Arbeit et al, 1994). Fourteen to 23 animals for each time
point were used. After 1 h the animals were killed under anesthesia and
skin and intestinal samples were ®xed, embedded in paraf®n, and
sectioned (4 mm). A biotinylated mouse monoclonal anti-BrdU antibody
(CalTag Laboratories, South San Francisco, CA), followed by avidin-
Alexa (Molecular Probes, Eugene, OR) was used to detect BrdU-positive
cells. The sections were counterstained with Sytox Orange nuclear stain
(Molecular Probes), coverslipped, and analyzed on a Laser-scanning
confocal microscope (Leica, Deer®eld, IL). Tissue samples from animals,
not injected with BrdU (negative control), did not display a signal. In
addition, either omission of the ®rst antibody or incubation with avidin-
Alexa alone resulted in no staining, showing that neither nonspeci®c
binding of avidin nor endogenous auto¯uorescence contributed to the
signal. Proliferation was quantitated in these sections as number of BrdU-
positive cells divided by the number of basal cells 3 100; a minimum of
150 nuclei were assessed by a blinded observer for each time point.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine tripho-
sphate nick end-labeling staining was performed according to a modi®ed
protocol, based upon instructions from Roche Molecular Biochemicals
(Basel, Switzerland). After deparaf®nization and rehydration, the tissue
sections (4 mm) were digested with proteinase K for 30 min at 37°C.
The sections then were washed with phosphate-buffered saline and
labeled with terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end-labeling reaction mixture, containing ¯uorescein±
deoxyuridine triphosphate for 60 min at 37°C. Fluorescein±deoxyuridine
triphosphate permitted direct detection of apoptotic cells when washed
sections were examined by standard ¯uorescence microscopy.
Statistics Data are presented as mean 6 SEM, and statistical
signi®cance was determined using the ANOVA test, and p-values were
calculated by Fisher's protected least signi®cant difference.
Figure 1. In animals transferred from a normal to a low
humidity environment, there was a slight increase in TEWL that
was not statistically signi®cant. In contrast, in mice transferred from
high humidity to a low humidity environment there was a marked
increase in TEWL (6±7-fold increase), indicative of a perturbation in
cutaneous barrier homeostasis. Animals were maintained in a humid (RH
> 80%) or normal (40±70%) environment for 2 wk and were then
transferred to a dry environment (RH < 10%). TEWL was measured
with an electrolytic water analyzer. n = 6 for each group. ***p < 0.001,
*p < 0.05.
Figure 2. SC hydration was increased in animals maintained in a
humid environment in comparison with animals maintained in a
normal humidity environment (p < 0.0001). Moreover, after transfer
to a dry environment, skin surface hydration progressively decreased in
both groups of animals so that by day 2 there were no differences.
Animals were maintained in a humid or normal environment for 2 wk
and were then transferred to a dry environment (RH < 10%). Skin
surface conductance was measured with a Skicon-200 high frequency
hygrometer. n = 6 for each group.
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RESULTS
The effects on basal TEWL following the transfer of mice from
either a normal (40±70% RH) or high (> 80% RH) humidity
environment to a low (< 10% RH) humidity environment are
compared in Fig 1. In animals transferred from a normal to a low
humidity environment there was a slight increase in basal TEWL
between 1 and 3 d that did not achieve statistical signi®cance. In
contrast, when mice were transferred abruptly from a high
humidity to a low humidity environment, a signi®cant increase
in basal TEWL occurred, which became maximal at 2 d (approxi-
mately 6-fold increase) (p < 0.001), and returned to normal by day
7. These results show that an abrupt change in environmental
extremes; i.e., from a humid to a dry environment, produces a
transient defect in permeability barrier homeostasis.
We next examined whether the changes in TEWL are
accompanied by alterations in SC hydration. Previously Tagami
and Yoshikuni (1985) demonstrated the interrelationship between
TEWL and water reservoir in the SC. As expected, SC hydration
was increased in animals maintained in a humid environment
compared with those kept at normal humidity (Fig 2); however,
after transfer to a dry environment, hydration progressively
decreased in both groups of animals, so that by day 2 there were
no differences in SC hydration. The decline in hydration in the
humid to dry switched animals, however, was much more
precipitous than in the normal to dry group (Fig 2). It should be
noted that the steep decrease in SC hydration occurred in parallel to
the increase in TEWL levels occurring during the same interval (cf.
Fig 1). These results indicate that drastic changes in environmental
conditions provoke ¯uctuations in SC hydration.
With regards to skin surface pH, animals maintained in a humid
environment demonstrated a signi®cant increase in surface pH
compared with animals maintained in a normal environment
(Fig 3; p = 0.0004). After transfer to a dry environment, however,
the surface pH of animals maintained in a dry environment
decreased progressively (Fig 3), so that by 2 d the pH was similar in
both groups of animals. Thus, pH also normalized during the
interval that TEWL levels became highly abnormal. Previously,
Mauro et al (1998) demonstrated the relationship between skin
surface pH and skin barrier homeostasis. The drastic decrease of
TEWL in our study, however, was not associated with the skin
surface pH.
We next examined the epidermis by electron microscopy to
determine the structural basis for the humid to dry-induced
perturbation in barrier function (Fig 4). We ®rst con®rmed that a
shift from a normal to dry environment stimulates epidermal
lamellar body production (Fig 4A,B; see also Denda et al, 1998a).
In contrast, 2 d after abrupt transfer from the humid to the dry
environment, the epidermis displayed a marked depletion of
lamellar bodies in the cytosol of the outermost stratum granulosum
(SG) cells (Fig 4B). Additionally, or as a result of decreased
organellogenesis, little lamellar material was deposited at the SG±
SC interface (Fig 4B, open arrows), resulting in extensive regions
with amorphous, nonlamellar material (Fig 4B, asterisks).
Furthermore, the interstices of the ®rst two to three overlying
SC layers revealed a paucity of extracellular lamellae (Fig 4A, open
arrows); i.e., very few mature lamellar bilayers, and instead,
extensive, electron-lucent clefts (Fig 4A, asterisks). These results
suggest that the extreme humidity change disrupts lamellar body
secretion yielding a downstream decrease in extracellular lamellar
bilayers in affected SC. Together, these changes could account for
the transient, although profound disturbance in permeability barrier
function that is observed in animals transferred abruptly from a
humid to a dry environment.
Prior studies have shown that certain exogenous stressors, e.g.,
ultraviolet B, can result in a barrier defect associated with the
passage of a layer of secretion incompetent, apoptotic cells at the
SG±SC interface (Holleran et al, 1997). The ultraviolet B-induced
phenomenon is transient, because an increase in DNA synthesis
rapidly restores competent cells to the outer SG layer (Holleran et
al, 1997). Therefore, we next assessed whether changes in humidity
Figure 3. Skin surface pH of animals maintained in a humid
environment was signi®cantly increased in comparison with
animals maintained in a normal environment (p <0.01). After
transfer to a dry environment, however, the surface pH of the SC in
animals, maintained in a dry environment, decreased progressively so that
by 2 d it was similar in both groups of animals. Animals were maintained
in a humid or normal environment for 2 wk, and then transferred to a
dry environment (RH < 10%). Skin surface pH was measured with a
surface pH meter. n = 6 for each group.
Figure 4. Switch from humid to dry environment produces
structural changes consistent with a barrier abnormality. SG cells
in the outermost SG layer display a marked depletion of replete lamellar
bodies (B). Accordingly, little lamellar material is secreted at the SG±SC
interface (B, double arrows), resulting in extensive regions with
amorphous, nonlamellar material (B, asterisks). The overlying SC lacks
intercellular lamellae (A, double arrows), and displays extensive, electron-
lucent clefts (A, asterisks). Insert shows comparable sites from controls,
with a packed SC±SG interface (B, solid arrows) and extensive,
extracellular lamellar bilayers (A, solid arrows). (A,B) Ruthenium
tetroxide post®xation. Bars = 0.25 mm.
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could be linked to changes in either epidermal proliferation or
apoptosis. We con®rmed here that the normal to dry transition
induces an increase in the number of proliferating cell nuclear
antigen (PCNA)-positive cells (Fig 5A). Yet in contrast, the shift
from a humid to a dry environment resulted instead in a decline in
the number of PCNA-positive cells at day 1, which normalized by
days 2 and 3 (Fig 5B). Quantitation of the percent PCNA-positive
basal cells con®rmed these observations. In addition, these changes
in PCNA labeling were re¯ected by a parallel decrease in epidermal
DNA synthesis, measured by BrdU incorporation at day 1 in humid
to dry vs normal to dry switched animals (Fig 6). Finally, there was
no increase in the number of apoptotic cells 1 and 2 d after the
switch from a humid to a dry environment (data not shown). These
studies indicate that the transient, humidity induced barrier
abnormality is associated with a decrease in epidermal proliferation,
but not the induction of apoptosis.
DISCUSSION
Exposure to a dry environment has been suggested to make the skin
more sensitive to physical or chemical stress (Denda et al, 1998a;
Hosoi et al, 2000; Denda, 2001). Yet at least in normal murine skin,
barrier function does not deteriorate, but rather it is enhanced by
prolonged exposure to a dry environment (Denda et al, 1998a). In
contrast, when normal skin is exposed to a moist environment it
was shown previously that the kinetics of barrier recovery is
delayed and that the functional decline can be attributed to a
reduction in the number of epidermal lamellar bodies and lower
epidermal lipid content (Denda et al, 1998a). Thus, after the skin
adapts to a high humidity, its reservoir of SC intercellular lipids is
decreased, and its capacity to respond to external challenges is
diminished. In contrast, with prolonged exposure to a dry
environment, epidermal lipid synthesis and lamellar body produc-
tion increase and barrier homeostasis is enhanced (Denda et al,
1998a). Thus, under dry conditions, an appropriate epidermal
metabolic response facilitates adaptation to dry conditions. Yet, this
study demonstrates that even normal skin exhibits a signi®cant,
although transient, decline in barrier function when the environ-
mental humidity decreases drastically from a high humidity to a dry
environment. One can postulate that the transient barrier defect is
due to the decreased number of preformed lamellar bodies and
decreased SC lipids from prolonged exposure to a moist environ-
ment, and an inability of these compromised cells to mount an
adequate homeostatic response to compensate for the abrupt
changes in extremes of humidity. Indeed, it is shown here that
granular cells and the SC of animals ``switched'' 2 d previously
Figure 5. Number of PCNA positive cells in the epidermis did not change 1 d after the animals transferred from humid to dry
conditions (A: 0 d, B: 1 d after the transfer), but the number of positive cells increased slightly 2 d after the transfer (C). The number of
PCNA positive cells in the epidermis of the animals transferred from normal to dry conditions also showed an increase of epidermal proliferation: (E)
2 d after transfer from normal to dry conditions; (D) mouse under normal conditions. Bars = 10 mm.
Figure 6. Alterations in epidermal DNA synthesis in animals
switched from humid to dry and normal to dry environments.
Epidermal DNA synthesis increased within 1 d after the animals were
transferred from normal to dry conditions (p < 0.01). In contrast, the
animals transferred from humid to dry conditions showed a lesser, but
still slightly signi®cant (p < 0.01) increase in epidermal DNA synthesis
2 d after the transfer.
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continue to display the same defective, lamellar body secretory
system as under humid conditions. The decline in barrier function
of mice transferred from humid to a dry condition is therefore best
explained by the de®cient lamellar body reservoir at the time of
switch to low humidity. Of note though is that, whereas the
permeability barrier function of the SC was compromised by
transfer from a humid to dry environment, SC hydration and pH
were normal, demonstrating that not all parameters of SC function
are adversely affected. Thus these studies also indicate that the
mechanisms that regulate SC permeability barrier, hydration, and
acidi®cation are different, and that SC disorders can separately and
selectively affect one or more of these parameters.
Previous studies have shown that epidermal proliferation is
stimulated by exposure to a dry environment (Denda et al, 1998b).
In our study this ®nding was con®rmed as transfer of animals from a
normal humidity environment to a dry environment resulted in a
rapid increase in epidermal proliferation. In contrast, animals
transferred from a humid to a dry environment displayed a delayed
increase in epidermal proliferation. It is possible that this delay in
increasing epidermal proliferation could also contribute to the
impairment in barrier function. An increase in proliferation
induced by a change in environmental humidity should accelerate
the movement of functional cells into the upper SG region, thereby
enhancing lamellar body production and improving barrier home-
ostasis. In fact, in the animals transferred from a humid to dry
environment a delayed increase in epidermal proliferation occurs,
and the increase in proliferation coincides with the eventual
restoration of barrier function. The basis for the initial delay in
epidermal proliferation is unclear, but in any case, our results
suggest that environmental conditions can affect the function of
cells in the stratum basale.
The transient decline of skin barrier function is of potential
clinical signi®cance. For example, it might facilitate invasion of
allergens or other harmful xenobiotics. As modern buildings are
almost totally enclosed, and fully temperature controlled, with very
low humidities, individuals living in a moist environment would be
exposed repeatedly to drastic differences in the environmental
humidity. Even the thickness of the SC and the barrier recovery
rate is different between hairless mice and humans (Ghadially et al,
1995), the mechanism of the barrier homeostasis is similar in both
systems (Schurer and Elias, 1991). The abrupt change in extremes
of humidity might be particularly stressful to individuals with
intrinsic barrier abnormalities (e.g., atopic dermatitis, aging), where
barrier homeostasis is already compromised. Assuming that the
same functional perturbation would occur under similar conditions
in humans, even normal individuals would be at risk during warm,
moist seasons. Finally, abnormalities in skin barrier function could
potentially increase allergic contact dermatitis (Tupker et al, 1990)
or fungal infections (Rowen et al, 1995), and thus a decline in
barrier homeostasis induced by drastic changes in environmental
humidity might also trigger these skin diseases.
In summary, this study demonstrates that a sudden change from a
very humid to very dry milieu results in an abnormality in
permeability barrier function. The most plausible explanation for
this transient defect in barrier function is that formerly ``wet''
keratinocytes upregulate neither epidermal lamellar body produc-
tion and secretion nor DNA synthesis suf®ciently, allowing a
barrier defect to develop until a new layer of secretion competent
cells reaches the SG±SC interface.
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